Temporal and spatial changes in the intracellular Ca2+ concentration ([Ca2+];) were examined in dendrites and somata of rat cerebellar Purkinje neurons by combining whole-cell patch-clamp recording and fast confocal laser-scanning microscopy. In 200-p,m-thick cerebellar slices obtained from 6-to 26-day-old rats (n = 18) and adult mice (n = 7). The slices were prepared and maintained as described (14) . During experiments, slices were continuously perfused with a solution containing 125 mM NaCl, 2.5 mM KCl, 2 mM CaCl2, 1 mM MgCl2, 1 mM NaH2PO4, 26 mM NaHCO3, 20 mM glucose, 20 ,uM bicuculline (pH 7.3), equilibrated with 95% 02/5% CO2. All experiments were done at room temperature (21-23°C). Tight-seal somatic recordings were obtained from Purkinje neurons with an EPC-9 patch-clamp amplifier (HEKA Electronics, Lam-
membrane shell that resembled those seen in the dendrites. These results provide direct experimental evidence that the surface-to-volume ratio is a critical determinant of the spatiotemporal pattern of Ca2+ signals evoked by synaptic activity in neurons.
Many postsynaptic events are controlled by changes in the concentration of intracellular Ca2+ ([Ca2+]j). Thus, it is well established that various forms of synaptic plasticity, including long-term potentiation (for review, see ref. 1) , long-term depression (2, 3) , and rebound potentiation of inhibitory synapses (4) , are initiated by a transient increase in [Ca2+] j. An understanding of how intracellular Ca2+ ions act requires precise information on both the temporal and spatial aspects of such synaptically induced Ca2+ signals (5) .
In cerebellar Purkinje neurons, large and fast Ca2+ signals found in dendrites contrast with much smaller and slower Ca2+ signals seen in the cell bodies (2, (6) (7) (8) (9) . It has been suggested that the small amplitude of the somatic Ca2+ signals is the result of the heterogeneous distribution of voltage-operated Ca2+ channels with a low density in the somatic region compared to the dendrites (8, 10) . This view was also supported by immunohistochemical data indicating that P-type Ca2+ channels, the predominant Ca2+ channel type in cerebellar Purkinje neurons, are particularly abundant in the dendrites but are not abundant in the somata (11, 12 26 -day-old rats (n = 18) and adult mice (n = 7). The slices were prepared and maintained as described (14) . During experiments, slices were continuously perfused with a solution containing 125 mM NaCl, 2.5 mM KCl, 2 mM CaCl2, 1 mM MgCl2, 1 mM NaH2PO4, 26 mM NaHCO3, 20 mM glucose, 20 ,uM bicuculline (pH 7.3), equilibrated with 95% 02/5% CO2. All experiments were done at room temperature (21-23°C). Tight-seal somatic recordings were obtained from Purkinje neurons with an EPC-9 patch-clamp amplifier (HEKA Electronics, Lambrecht, Germany) using pipettes with 1.5-to 2.5-Mfl resistance. Afferent CFs were activated with a stimulation pipette placed in the granule cell layer (14, 15) . Ca2+ signals were recorded under either current-clamp conditions during CF stimulation or voltage-clamp conditions during depolarizing voltage steps. For current-clamp recordings, the pipette solution contained 140 mM KCl, 4 mM MgATP, 0.4 mM Na3GTP, 10 mM Hepes, and 0.5 mM Calcium Green-1 (Molecular Probes). For most voltage-clamp recordings slices were taken from 6-to 8-day-old rats. At this age, the dendritic tree of Purkinje neurons is not fully developed (see Fig. 3 ), allowing better voltage control (13, 15) . In these experiments the pipette solution contained 140 mM CsCl, 4 mM MgATP, 0.4 mM Na3GTP, 10 mM tetraethylammonium chloride, 10 mM Hepes, 0.5 mM Calcium Green-SN (Molecular Probes), and, in addition, 500 nM tetrodotoxin (Sigma) was added to the bath solution.
Fluorometric Ca2+ measurements were done by using a confocal laser-scanning system (Odyssey, Noran Instruments, Middleton, WI) mounted on an upright microscope (Axioplan, Zeiss) equipped with water-immersion objectives (Achroplan, Zeiss; X63, numerical aperature 0.9 and X40, numerical aperature 0.75). To 
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All fluorescence data are expressed as the increase in fluorescence divided by baseline fluorescence (AF/F). The dissociation constants (Kd) of Calcium Green-1 and Calcium Green-5N were estimated in vitro by using Ca2+ calibration kits (Molecular Probes) and were -220 nM and 17 ,uM, respectively, for the present experimental conditions. We estimated that for resting conditions a 100% increase in AF/F of Calcium Green-5N corresponded to an increase in [Ca2+]i of '400 nM.
RESULTS
Synaptic CF Stimulation. Stimulation of the afferent CF excites each Purkinje neuron, giving rise to a complex spikei.e., a large depolarization causing a burst of action potentials (Fig. 1C) . When cells were loaded with the high-affinity Ca2+ indicator Calcium Green-1 (Fig. 1A) (Fig. 2B, right trace) . For comparison, the size and time course of the Ca2+ signal in this innermost shell would match that observed in the soma using conventional imaging (Fig. 1B, trace 3) . Thus, the CF-induced Ca2+ transient is not an exclusive property of the dendritic tree but can be readily observed in the subplasmalemmal shell of the soma.
Depolarizing Voltage-Clamp Steps. The CF-induced Ca2+ transient presumably reflects Ca2+ entering the cell through Ca2+ channels activated during the complex spike response (2-4, 18, 19) . The finding of a somatic spike-like Ca2+ transient, therefore, is evidence of a somatic localization of voltage-dependent Ca2+ channels in cerebellar Purkinje neurons.
To allow more precise control of Ca2> influx via this pathway, we recorded [Ca2+]1 changes under voltage-clamp conditions. We also used the low-affinity Ca2+ indicator Calcium Green-5N to reduce the effect of exogenous buffer on the amplitude and kinetics of the Ca2+ signal (20) . Fig. 3 shows a series of confocal images taken from the soma and proximal part of the dendritic tree of a Purkinje neuron. Each image frame corresponds to a time period of 33 ms. At the time indicated by the white flag (second image), the cell was depolarized from a holding potential of -60 mV to 0 mV for 100 ms. The depolarization produced the expected dendritic (20, 21) , bullfrog sympathetic neurons (22) , frog skeletal muscle fibers (23) , and pancreatic acinar cells (24) . Restricted diffusion of Ca2+ may result from its binding to immobile or slowly mobile buffers (25) . Binding to mobile buffers, on the other hand, would speed up the diffusive transport of Ca2+ (25) . Calcium Green-1 and -SN are mobile buffers and, therefore,
[Ca2+], gradients in our experiments may dissipate faster than in nondialyzed cells. The Ca2+ transient in the subplasmalemmal somatic shell decayed biphasically. The fast component, with a time constant of -0.1 s, at least partially reflects diffusion of Ca2+ to more central somatic sites. The slow component, with a time constant of -0.8 s, is likely to be due to Ca2+ removal, via Ca2+ pumps and Na+-Ca2+ exchange, in concert with the interaction of Ca2+ with high-affinity endogenous buffers, such as calbindin (26) . In dendrites, the fast component was not resolved, and [Ca2+]i decayed monophasically with a time constant of -0.7 s, which was similar to the slower time constant measured in the soma.
Our experiments clearly indicate that the surface-to-volume ratio is a major determinant in the Ca2+ signal pattern in various cellular compartments. However, the results do not rule out that other factors may also contribute to the heterogeneous Ca2+ signals during CF activity. The peak of the CF-induced Ca2+ transient in the subplasmalemmal somatic shell (Fig. 2) was smaller than that in dendritic shells (Fig. 1) . This difference may arise from the presence of a prominent K+ conductance in the soma but not in the dendrites. The finding that in the virtual absence of K+ currents-i.e., in Cs+-tetraethylammonium-dialyzed cells-the size of the Ca2+ transients in the subplasmalemmal somatic shell approached those recorded in dendritic locations (Fig. 4A ) supports this idea.
Ca2+ acting within restricted areas is likely to have specific functions for various cellular processes, including regulation of electrical activity and induction of synaptic plasticity. The results presented here show that in Purkinje neurons, even a single CF response causes clear Ca2+ influx across the somatic membrane (Fig. 2B) . Because an increase in postsynaptic [Ca2+] , is required for potentiation of y-aminobutyric acidmediated whole-cell current responses (19) , the Ca2+ entry through somatic voltage-gated Ca2+ channels provides the link between CF activity and the induction of rebound potentiation of somatic inhibitory synapses (4) .
